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)URPWKHPHGLFDOSRLQWRIYLHZYDULRXVWHFKQLTXHVKDYHEHHQXVHGWRDVVHVVWKHSDWLHQW
VYRLFHTXDOLW\7KHVLPSOHU
FRQVLVWVLQWKHDXGLWRU\SHUFHSWXDODQDO\VLV+RZHYHUWKHDXGLWRU\SHUFHSWXDODQDO\VLVPD\OHDGWRGLIIHUHQWUHVXOWV
GHSHQGLQJRQWKHH[SHULHQFHRIWKHGRFWRU7KXVWKLVSUDFWLFHLVVXEMHFWLYHDQGOHDGVWRWKHODFNRIFRQVHQVXVDPRQJ
SURIHVVLRQDOV7KHUHIRUHLWEHFDPHQHFHVVDU\WRVHDUFKIRUDQREMHFWLYHDVVHVVPHQWLQZKLFKWKHYRLFHVDUHDQDO\]HG
E\GHYLFHVZKLFKDUHFDSDEOHRIPHDVXULQJVHYHUDODFRXVWLFSDUDPHWHUV
7KHPRVWFRPPRQVLJQVWKDWPD\LQGLFDWHFKDQJHVLQWKHODU\Q[UHODWHKRDUVHQHVVEUHDWKLQHVVDQGURXJKQHVV7KH
WUDQVLHQWKRDUVHQHVVPD\UHVXOWIURPDEXVHRIWKHYRLFHRUWKHFDVXDOIOX%XWZKHQWKHKRDUVHQHVVSHUVLVWVDQGEHFRPHV
DFKDUDFWHULVWLFYRLFHLVLQGLFDWLYHRISDWKRORJ\RIWKHODU\Q[+RDUVHQHVVFDQDOVREHDQHDUO\V\PSWRPRIFDQFHURI
WKHODU\Q[7HL[HLUDHWDO>@7KHPRVWFRPPRQSDWKRORJLHVDIIHFWLQJYRLFHDUHYRFDOQRGXOHV WKHODU\QJLWLV WKH
SDUDO\VLVSRO\SVF\VWVDQG5HLQNH
V(GHPD2WKHUSDWKRORJLHVRIWKHODU\Q[WKDWPD\OHDGWRG\VSKRQLFVSHHFKDUH
XOFHUVRIFRQWDFWDV/RSHV>@
7KHSDUDPHWHUVREWDLQHGE\WKHDFRXVWLFDQDO\VLVKDYHWKHDGYDQWDJHRIGHVFULELQJWKHYRLFHREMHFWLYHO\:LWKWKH
H[LVWHQFH RI QRUPDWLYH GDWDEDVHV FKDUDFWHUL]LQJ YRLFH TXDOLW\ RU XVLQJ LQWHOOLJHQW WRROV FRPELQLQJ WKH YDULRXV
SDUDPHWHUVLWLVSRVVLEOHXVLQJDUWLILFLDOLQWHOOLJHQWWRROVWRGLVWLQJXLVKEHWZHHQQRUPDODQGSDWKRORJLFDOYRLFHVRU
HYHQLGHQWLI\RUVXJJHVWWKHSDWKRORJ\7KHVHWRROVDOORZWKHPRQLWRULQJRIFOLQLFDOVWDQGSRLQWDQGRUHPSOR\PHQWDQG
UHGXFHWKHGHJUHHRIVXEMHFWLYLW\RISHUFHSWXDODQDO\VLVDV7HL[HLUDHWDO>@
&XUUHQWO\DFRXVWLFSDUDPHWHUVFRPPRQO\XVHGLQDSSOLFDWLRQVRIDFRXVWLFDQDO\VLVDVZHOODVWKHPRVWUHIHUHQFHG
LQWKHOLWHUDWXUHDUHWKHIXQGDPHQWDOIUHTXHQF\MLWWHUVKLPPHUDQG+157KHIXQGDPHQWDOIUHTXHQF\)PHDVXUHG
LQ+HUW]LVGHILQHGDVWKHQXPEHURIWLPHVDVRXQGZDYHSURGXFHGE\WKHYRFDOFRUGVUHSHDWVGXULQJDJLYHQWLPH
SHULRG ,W LVDOVR WKHQXPEHURIF\FOHVRIRSHQLQJFORVXUHRI WKHJORWWLV7KHUH LVD W\SLFDO UDQJHRIYDOXHVRI WKLV
IUHTXHQF\ IRU WKHGLIIHUHQW JHQGHUV DQG DJHV%XW WKHVHYDOXHV DUH QRW VWDWLRQDU\ VLQFH) LV DOVRXVHG WR FRQYH\
SURVRG\%HVLGHVLWDOVRYDU\ZLWKVH[DQGDJHWKRXJKWWRGHSHQGRQIDFWRUVVXFKDVWKHVWDWHRIPLQGRIWKHSHUVRQ
WKHWLPHRIGD\WKDWILWWKHOLIHVW\OHDQGSURIHVVLRQDOXVHRIYRLFH>@
2WKHUSDUDPHWHUVH[WUDFWHGIURPWKHJORWWDOVLJQDOZHUHDOVRXVHGUHFHQWO\LQ>@EHVLGHVMLWWHUDQGVKLPPHU7KHVH
QHZSDUDPHWHUVDUHFORVLQJSKDVHRSHQLQJSKDVHRSHQTXRWLHQW FORVHGTXRWLHQW DPSOLWXGHTXRWLHQWQRUPDOL]HG
DPSOLWXGHTXRWLHQWTXDVLRSHQTXRWLHQWVSHHGTXRWLHQWGLIIHUHQFHEHWZHHQKDUPRQLFVDQGKDUPRQLFVULFKQHVVIDFWRU
$Q\KRZ WKH PRVW FRPPRQO\ XVHG SDUDPHWHUV DV SDUW RI D FRPSUHKHQVLYH YRLFH H[DPLQDWLRQ DUH WKH YRLFH
IUHTXHQF\MLWWHUDQGDPSOLWXGHVKLPPHUYDULDWLRQV>@-LWWHULVWKHPHDVXUHRIWKHF\FOHWRF\FOHSHULRGYDULDWLRQV
RIWKHVXFFHVVLYHJORWWDOF\FOHVDQGVKLPPHULVWKHF\FOHWRF\FOHDPSOLWXGHYDULDWLRQVRIWKHVXFFHVVLYHJORWWDOF\FOHV
7KHVHPHDVXUHVFDQEHGHWHUPLQHGXVLQJDEVROXWHRUUHODWLYHYDOXHV$OORIWKHVHSDUDPHWHUVKDYHEHHQODUJHO\XVHG
IRUGHVFULSWLRQRISDWKRORJLFDOYRLFHTXDOLW\>@%RWKSDUDPHWHUVDUHREWDLQHGE\DQDO\VLVRIDUHFRUGVSHHFKRI
VXVWDLQHGYRZHOSKRQDWLRQV>@
7KHMLWWHULVDIIHFWHGPDLQO\E\WKHODFNRIFRQWURORIYLEUDWLRQRIWKHFRUGV7KHYRLFHVRISDWLHQWVZLWKSDWKRORJLHV
RIWHQKDYHKLJKHUYDOXHVRIMLWWHU7KHVKLPPHUFKDQJHVZLWKWKHUHGXFWLRQRIJORWWDOUHVLVWDQFHDQGPDVVOHVLRQVRQ
WKHYRFDOFRUGVDQGLVFRUUHODWHGZLWKWKHSUHVHQFHRIQRLVHHPLVVLRQDQGEUHDWKLQHVV>@,WLVH[SHFWHGWKDWSDWLHQWV
ZLWKSDWKRORJLHVKDYHKLJKHUYDOXHVRIVKLPPHU7KHDUWLFXODWRU\RUDOVSDFHPHDVXUHV>@PD\FRQWULEXWHZLWKVRPH
QHZLQIRUPDWLRQWRH[SODLQWKHKLJKHUMLWWHUDQGVKLPPHUYDOXHV
7KHDLPRIWKHZRUNUHSRUWHGKHUHLVWKHDFFXUDWHGHWHUPLQDWLRQRIWKHMLWWHUDQGVKLPPHUPHDVXUHVE\WKHGHYHORSHG
DOJRULWKP7KLVLVEDVHGRQDMRLQRIWKHPD[LPXPPLQLPXPIXQFWLRQVDQGPRYLQJHQHUJ\RYHUWKHVSHHFKVLJQDOWKDW
ZLOOILQGDXWRPDWLFDOO\WKHJORWWDOSXOVHVDPSOLWXGHDQGSRVLWLRQ
7KHTXDOLW\RI WKHDOJRULWKPZDVHYDOXDWHGLQSUHYLRXVSXEOLFDWLRQ>@XVLQJV\QWKHWLFVSHHFKZLWKFRQWUROOHG
YDOXHVRIMLWWHUDQGVKLPPHUDQDO\WLFDOO\GHWHUPLQHG$OWKRXJKWKHKLJKHUDFFXUDF\ZLWKV\QWKHWLFVSHHFK WKHUHDO
VSHHFKVLJQDOLPSRVHQHZFKDOOHQJHVEHFDXVHVHYHUDOGLIIHUHQFHVPD\DSSHDUIRUGLIIHUHQWYRLFHSHUVRQV)RULQVWDQFH
WKHSHDNVHDUFKHGWRLGHQWLI\WKHSRVLWLRQRIWKHJORWWDOSXOVHFDQQRZEHDSRVLWLYHRUDQHJDWLYHSXOVHRULWFDQEH
SRVLWLYHLQVRPHSDUWRIWKHVLJQDODQGQHJDWLYHLQRWKHUSDUWVRIWKHVDPHVLJQDOJLYLQJULVHWRDZURQJPHDVXUHVRI
MLWWHU7KLVSDSHUGHVFULEHVWKHLPSURYHPHQWWRWKHDOJRULWKPWRGHDOZLWKWKLVVLWXDWLRQIRUUHDOYRLFHVZKHWKHUWKH\EH
QRUPDORUSDWKRORJLFYRLFHV
7KHEHKDYLRURIWKLVDOJRULWKPZDVFRPSDUHGXVLQJFRQWURODQGSDWKRORJLFDOYRLFHVLJQDOV2QFHWKLVUHDOVSHHFK
VLJQDO KDYH XQNQRZQ YDOXHV RI MLWWHU DQG VKLPPHU WKHPHDVXUH REWDLQHG E\ WKH DOJRULWKPZHUH FRPSDUHG ZLWK
PHDVXUHVJLYHQE\WKH3UDDWSURJUDPMXVWWRHYDOXDWHWKHFRQVLVWHQF\RIWKHPHDVXUHVLQERWKDOJRULWKPV
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'DWDEDVH
)RUWKLVVWXG\WKHRSHQµ6DDUEUXHFNHQ9RLFH'DWDEDVH¶ZDVXVHG7KLVGDWDEDVHFRQWDLQVUHFRUGHGVHJPHQWVRI
VSHHFKRISHUVRQVZLWKVHYHUDOSDWKRORJLFGLVHDVHVFRPELQDWLRQRIGLVHDVHVDQGDOVRKHDOWK\YRLFHV)RUHDFKSDWLHQW
UHFRUGLQJVHVVLRQWKLVGDWDEDVHSURYLGHVILOHVRIVSHHFKEXWRQO\WKHUHFRUGLQJVRIWKHYRZHOVDLDQGXIRU
/RZ1RUPDODQG+LJKWRQHVZHUHXVHGPDNLQJDWRWDORIUHFRUGILOHVIRUHDFKSHUVRQ:KHQDVHDUFKRIVSHDNHUV
LVGRQHWKLVGDWDEDVHFDQSURYLGHLQIRUPDWLRQDVJHQGHUWKHOLVWRIGLDJQRVHGGLVHDVHVDQGWKHDJHRIWKHVSHDNHU>@
7KHILOHVZHUHUHFRUGHGZLWKDN+]VDPSOLQJIUHTXHQF\DQGELWVUHVROXWLRQ
6HYHUDO VLJQDOSDWKRORJLHVZHUH WHVWHGVHSDUDWHO\EXW LQ WKLVSDSHURQO\ WKH UHVXOWV IRU WKH5HLQNH¶V(GHPDDUH
SUHVHQWHG
5HLQNH
VHGHPDLVDFKURQLFLQIODPPDWRU\GLVHDVHRIWKHODU\Q[7KHYRFDOIROGVSUHVHQWDZKLWHDQGWUDQVOXFHQW
HGHPD7KHVZHOOLQJLVW\SLFDOO\ELODWHUDOEXWRIWHQDV\PPHWULFLQYROXPHDQGYHU\PRELOHGXULQJSKRQDWLRQ7KH
PRVWIUHTXHQWHWLRORJLFIDFWRUIRU5HLQNH
VHGHPDLVVPRNLQJ>@
-LWWHUDQGVKLPPHUSDUDPHWHUV
3.1. Jitter 
-LWWHUSHUWXUEDWLRQFDQEHJLYHQE\IRXUUHODWHGSDUDPHWHUVWKHDEVROXWHMLWWHUMLWWDWKHORFDORUUHODWLYHMLWWHUMLWW
WKHUHODWLYHDYHUDJHSHUWXUEDWLRQUDSDQGWKHILYHVDPSOHVSHULRGSHUWXUEDWLRQSST7KHMLWWDLVXVXDOO\SUHVHQWHG
LQPVDQGWKHRWKHUWKUHHSDUDPHWHUVLQSHUFHQWDJHRIWKHDYHUDJHJORWWDOSHULRG>@
-LWWHUDEVROXWHjittaLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQFRQVHFXWLYHSHULRGVLQVHFRQGVRUPVJLYHQE\
(T7LLVWKHH[WUDFWHGJORWWDOSHULRGOHQJWKDQG1LVWKHQXPEHURIJORWWDOSHULRGV
-LWWHUORFDOjittLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQFRQVHFXWLYHSHULRGVGLYLGHGE\WKHDYHUDJHSHULRG
LQSHUFHQWDJHDVJLYHQE\(T
-LWWHURAPWKH5HODWLYH$YHUDJH3HUWXUEDWLRQLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQDSHULRGDQGWKHDYHUDJH
RILWDQGLWVWZRQHLJKERUVGLYLGHGE\WKHDYHUDJHSHULRGLQSHUFHQWDJHJLYHQE\(T
-LWWHUPPQ5WKHILYHSRLQW3HULRG3HUWXUEDWLRQ4XRWLHQWLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQDSHULRGDQG
WKHDYHUDJHRILWDQGLWVIRXUFORVHVWQHLJKERUVGLYLGHGE\WKHDYHUDJHSHULRGLQSHUFHQWDJHJLYHQE\(T
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3.2. Shimmer 
6KLPPHULVDYDULDWLRQRIDPSOLWXGHVRIFRQVHFXWLYHSHULRGV)RUVKLPPHUWKHUHDUHDOVRIRXUUHODWHGPHDVXUHVWKH
DEVROXWHRUORFDOVKLPPHU6KG%JLYHQLQG%WKHORFDOVKLPPHU6KLPLQSHUFHQWDJHRIWKHDYHUDJHDPSOLWXGHWKH
WKUHHSRLQW$PSOLWXGH3HUWXUEDWLRQ4XRWLHQW DST DOVR LQ SHUFHQWDJH DQG WKH ILYHSRLQW$PSOLWXGH3HUWXUEDWLRQ
4XRWLHQWDSTDOVRLQSHUFHQWDJH
6KLPPHUG%ShdBLVWKHDYHUDJHDEVROXWHEDVHORJDULWKPRIWKHUDWLREHWZHHQWKHDPSOLWXGHVRIFRQVHFXWLYH
SHULRGVPXOWLSOLHGE\DQGJLYHQLQDGHFLEHOVFDOHG%DVJLYHQE\(T$LLVWKHDPSOLWXGHDQG1LVWKHQXPEHU
RIJORWWDOSHULRGV
6KLPPHUORFDOShimLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQWKHDPSOLWXGHVRIFRQVHFXWLYHSHULRGVGLYLGHG
E\WKHDYHUDJHDPSOLWXGH(T
6KLPPHUAPQ3WKHWKUHHSRLQW$PSOLWXGH3HUWXUEDWLRQ4XRWLHQWLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQWKH
DPSOLWXGHRIDSHULRGDQGWKHDYHUDJHRIWKHDPSOLWXGHVRILWDQGLWVQHLJKERU¶VGLYLGHGE\WKHDYHUDJHDPSOLWXGH(T

6KLPPHUAPQ5WKHILYHSRLQW$PSOLWXGH3HUWXUEDWLRQ4XRWLHQWLVWKHDYHUDJHDEVROXWHGLIIHUHQFHEHWZHHQWKH
DPSOLWXGHRIDSHULRGDQGWKHDYHUDJHRIWKHDPSOLWXGHVRILWDQGLWVIRXUFORVHVWQHLJKERUVGLYLGHGE\WKHDYHUDJH
DPSOLWXGH(T

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
$OJRULWKP
7KHIXQGDPHQWDOLVVXHRIWKLVDOJRULWKPLVWRILQGWKHPD[LPXPYDOXHSRVLWLYHRUQHJDWLYHDQGWKHLUSRVLWLRQVRI
WKHJORWWDOSHULRGV/DWWHUWKHDOJRULWKPZLOOGHWHUPLQHWKHMLWWHUDQGVKLPPHUSDUDPHWHUVDFFRUGLQJWRHTXDWLRQVWR

7KHUHIRUHDIWHUUHDGLQJWKHVSHHFKVRXQGILOHDVPDOODOJRULWKPZDVFUHDWHGLQRUGHUWRHVWLPDWHWKHIXQGDPHQWDO
IUHTXHQF\),QWKLVDOJRULWKPWKHDXWRFRUUHODWLRQPHWKRGZDVXVHG
7KHDOJRULWKPVWDUWVZLWKDQDQDO\VLVRIWKHILUVWJORWWDOSHULRGVDIWHUWKHPLGGOHRIWKHVLJQDOH[SHFWHGPRUH
VWDWLRQDU\SDUWRIWKHVLJQDO7KHQVWRUHWKHPD[LPXPDQGPLQLPXPQHJDWLYHSHDNVDPSOLWXGHYDOXHIRUWKHILUVW
JORWWDOSHULRGDQGWKHQIRUHDFKRIWKHVHJORWWDOSHULRGVZLOOILQGWKHPD[LPXPDQGPLQLPXPDQGFRPSDUHZLWKWKH
DGMDFHQWSHDNVOLVWLQJWKRVHWKDWDUHDERYHRIWKHPD[LPXPYDOXHDQGWKRVHEHORZWKHPLQLPXP:LWKWKH
REMHFWLYHRIHOLPLQDWLQJSRVVLEOHXQGHVLUHGSHDNVWKLVVHDUFKZDVOLPLWHGWREHIRUHDQGDIWHURIWKHQH[WJORWWDO
SHULRGSRVLWLRQH[SHFWHGDFFRUGLQJWR))LJSUHVHQWWZRW\SHRIVLJQDOWKDWLPSRVHVWKHVHOHFWLRQXVLQJWKHQHJDWLYH
SHDNVOHIWVLGHDQGXVLQJDPRYLQJDYHUDJHULJKWVLGH
7KLVDQDO\VLVZDVGRQHLQWKHPLGGOHRIWKHVLJQDOEHFDXVHWKHVSHHFKVLJQDOVKDYHVRPHYDULDWLRQRYHUWLPHEXW
DUHPRUHVWDEOHLQWKHPLGGOHSDUW7KHDPRXQWRIWKHJORWWDOSHULRGVZDVGHWHUPLQHGDIWHUDQDO\]LQJDVHTXHQFHRI
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H[SHULPHQWVLQZKLFKLWZDVFRQFOXGHGWKDWIRUDZLQGRZORZHUWKDQJORWWDOSHULRGVWKHFRQWHQWRIWKHVDPSOHZDV
QRWHQRXJKDQGIRUDZLQGRZORQJHUWKDQJORWWDOSHULRGVWKHUHVXOWVZHUHQ¶WFKDQJHG
7KH VHTXHQFH RI DFWLRQVPHQWLRQHG DERYH DUH LPSOHPHQWHG WR HQVXUH WKDW WKHUH LV DOZD\V DZHOOGHILQHG DQG
SHULRGLFSHDNEHFDXVHDGPLWWLQJWKDWWKHOLPLWIRU-LWWDSDWKRORJ\FDQEHDERXWPVDQGWKHVLJQDOVKDYHDVDPSOLQJ
IUHTXHQF\RIN+]DGLIIHUHQFHDERYHVDPSOHVFRUUHVSRQGVWRPVPD\UHVXOWLQDQLQFRUUHFWHYDOXDWLRQRIWKH
GDWDDVFDQEHVHHQLQ)LJ,QWKLVILJXUHWKHOHIWVLJQDOKDVWZRSHDNVYHU\FORVHHDFKRWKHUDQGDFKDQJHLQWKH
LGHQWLILFDWLRQDWVXFFHVVLYHSHULRGVZLOOUHVXOWLQDZURQJ-LWWHUPHDVXUH7KHULJKWSORWVKRZWKH]RRPRIWKHVHFRQG
JORWWDOSHULRG7KLVW\SHRIVLJQDOQHHGWRXVHWKHPRYLQJDYHUDJHWRGHWHUPLQHWKHSHDNVLQDFRKHUHQWSRVLWLRQDORQJ
WKHVLJQDO
)LJ6LJQDOZLWKKLJKHUQHJDWLYHSHDNXSVLJQDOZLWKPRUHWKDQRQHSHDNIRUHDFKJORWWDOSHULRGERWWRP
)LJ&RUUHFWLGHQWLILFDWLRQRIWKHSHDNOHIWVLGHZURQJLGHQWLILFDWLRQRIWKHSHDNPLGGOH]RRPRIDSRUWLRQRIPLGGOHSRVLWLRQVLJQDOULJKW
VLGH
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7KHQWKHDOJRULWKPWHVWVWKHILUVWFRQGLWLRQ)RUWKHILUVWJORWWDOSHULRGLIWKHPD[LPXPYDOXHLVJUHDWHURUHTXDOWR
WKHPLQLPXPYDOXHLQPRGXOHDQGIRUWKHILUVWWHQJORWWDOSHULRGVWKHQXPEHURISHDNVDERYHRIPD[LPXPLV
HTXDOWRLHH[LVWVRQO\RQHSHDNLQHDFKGHILQHGZLQGRZRULIWKHQXPEHURISHDNVDERYHRIPLQLPXPLV
PRUHWKDQWKHDOJRULWKPZLOOXVHWKHPD[LPXPIXQFWLRQIRUHDFKJORWWDOSHULRGRIWKHVLJQDODQGVWRUHLWVYDOXHV
DQGSRVLWLRQV
,QWKLVFRQGLWLRQDVLQWKHIROORZLQJLW¶VJLYHQLPSRUWDQFHWRWKHYDOXHRIPD[LPXPPLQLPXPEHFDXVHLQVRPH
FDVHVKDYHDKLJKHUPD[LPXPYDOXHFRPSDULQJWRPLQLPXPRUYLFHYHUVDLVV\QRQ\PRXVWKDWWKHVLJQDOKDYHDQ
LVRODWHGSHDNDWWKDWSRVLWLRQ)LJSUHVHQWVWKHIORZFKDUWRIWKHDOJRULWKP
)LJ$OJRULWKPIORZFKDUW
,IWKLVFRQGLWLRQIDLOVIROORZVDYHU\VLPLODUFRQGLWLRQLQZKLFKPLQLPXPSHDNVDUHWHVWHGLQVWHDGRIWKHPD[LPXP
7KHFRQGLWLRQ LVDV IROORZV)RU WKH ILUVWJORWWDOSHULRG LI WKHPD[LPXPYDOXH LVEHORZWR WKHPLQLPXPYDOXH LQ
PRGXOHDQGIRUWKHILUVWWHQJORWWDOSHULRGVWKHQXPEHURISHDNVDERYHRIWKHDEVROXWHRIPLQLPXPLVHTXDOWR
LHH[LVWVRQO\RQHSHDNLQHDFKGHILQHGZLQGRZRULIWKHQXPEHURISHDNVDERYHRIPD[LPXPLVPRUHWKDQ
WKHDOJRULWKPZLOOXVHWKHPLQLPXPIXQFWLRQIRUHDFKJORWWDOSHULRGRIWKHVLJQDODQGVWRUHLWVYDOXHVDQGSRVLWLRQV
$VVHYHUDORIWKHDQDO\]HGVLJQDOVGRQRWKDYHDZHOOGHILQHGVLJQDOOLNHVLJQDOVRIULJKWVLGHRI)LJDQG)LJ
WKHVHFRQGLWLRQVKDVQRVDWLVIDFWRU\UHVXOWV,QRUGHUWRVROYHWKHSUREOHPLWZDVGHFLGHGWKDWIRUVLJQDOVWKDWGRQRW
FRPSO\ZLWKWKHDERYHFRQGLWLRQVLWLVDSSOLHGDPRYLQJDYHUDJHIXQFWLRQ>@
5HDGVRXQGILOH
0D[DQG0LQ
YDOXHVIRU
JORWWDOSHULRGV
6HOHFWSHDNV
RYHURI
0D[DQG0LQ
)LUVW0D[!_0LQ_DQGWKHQXPEHURI
0D[ 
2U
1XPEHURI0D[ DQGQXPEHURI
0LQ!
)LQGSHDNVWURXJK
WKH0D[IXQFWLRQ
<HV
1R )LUVW0D[_0LQ_DQGWKHQXPEHURI
0D[ 
2U
1XPEHURI0LQ DQGQXPEHURI
0D[!
)LQGSHDNV
WURXJKWKH
0LQIXQFWLRQ
5XQWKHPRYLQJ
DYHUDJH0$
,GHQWLI\WKH
0D[B0$DQG
0LQB0$RIWKHILUVW
SHULRG
,GHQWLI\WKHSHDNV
RYHURI
0D[B0$DQG
0LQB0$
1R
<HV
7KH0D[B0$!_0LQB0$_DQGWKH
QXPEHURI0D[B0$SHDNV 
2U
1XPEHURI0D[B0$SHDNV DQG
1XPEHURI0LQB0$SHDNV!
)LQGSHDNVWURXJK
WKH0LQIXQFWLRQRQ
WKH0$
)LQGSHDNVWURXJK
WKH0D[IXQFWLRQ
RQWKH0$
<HV
1R
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7KLVIXQFWLRQPDNHVDVOLGLQJZLQGRZZLWKLQWKHVLJQDOLQZKLFKWKHDYHUDJHLVGHWHUPLQHG7KLVZLQGRZVLJQDO
PD\EHZHLJKWHGE\DZLQGRZIXQFWLRQ,QWKLVFDVHWKH+DQQLQJZLQGRZW\SHZDVXVHGZLWKOHQJWKRIDERXWRI
WKHJORWWDOSHULRG
2QFHREWDLQHGWKHVLJQDORIWKHPRYLQJDYHUDJH0$DFWLRQVZLOOEHLPSOHPHQWHGRYHUWKLV0$VLJQDODQGQRWLQ
WKHRULJLQDOVLJQDO7KHUHIRUHIRUWKHJORWWDOSHULRGORFDWHGLQWKHLQWHUPHGLDWH]RQHRIWKHVLJQDOVWRUHVWKHYDOXHDQG
SRVLWLRQRIWKHPD[LPXPDQGPLQLPXPDQGOLVWVWKHSHDNVZLWKYDOXHVXSSHUWKDQRIPD[LPXPPLQLPXP
6RLWIROORZVWKHODVWFRQGLWLRQRIWKHDOJRULWKPLIWKHYDOXHRIWKHPD[LPXPLVJUHDWHURUHTXDOWKDQWKHDEVROXWH
RIWKHPLQLPXPDQGWKHQXPEHURISHDNVDERYHRIPD[LPXPLVHTXDOWRRULIWKHQXPEHURISHDNVKLJKHUWKDQ
RIPD[LPXPYDOXHLVHTXDO WRDQGWKHQXPEHURISHDNVKLJKHU WKDQRIDEVROXWHRIPLQLPXPYDOXHLV
JUHDWHUWKDQIRUHDFKJORWWDOSHULRGZLOOUXQWKHPD[LPXPIXQFWLRQRYHUWKH0$DQGVWRUHVLWVYDOXHDQGSRVLWLRQ
,IWKLVFRQGLWLRQLVQRWVDWLVILHGIRUHDFKJORWWDOSHULRGZLOOUXQWKHPLQLPXPIXQFWLRQRYHUWKH0$DQGVWRUHLWVYDOXH
DQGSRVLWLRQ
)LQDOO\WKHSRVLWLRQRIWKLVSXOVHVLVXVHGWRGHWHUPLQHWKHOHQJWKRIJORWWDOSXOVHV7KLVJORWWDOSXOVHVOHQJWKVDQG
WKHLUDPSOLWXGHVDUHXVHGWRH[WUDFWWKHMLWWHUDQGVKLPPHUSDUDPHWHUVDFFRUGLQJWRHTXDWLRQVWR
5HVXOWV
7R GHWHUPLQH WKH DOJRULWKP DFFXUDF\ D V\QWKHVL]HG VLJQDO XVLQJ D  IRUPDQWVPRGHO DV VKRZQ LQ >@ZLWK
SUHGHILQHGMLWWHUDQGVKLPPHUYDOXHVZHUHXVHG>@7KHUHVXOWVZHUHFRPSDUHGZLWKWKHYDOXHVREWDLQHGE\3UDDW
VRIWZDUH>@DQGZLWKWKHDQDO\WLFDOFDOFXODWLRQV2QFHWKHVLJQDOLVV\QWKHVL]HGWKHMLWWHUDQGVKLPPHUSDUDPHWHUV
YDOXHVFDQEHFRQWUROOHGDQGNQRZQ)RU-LWWHUSDUDPHWHUVWKHDOJRULWKPVVKRZHGWREHPRUHDFFXUDWHWKDQ3UDDWDQG
ZLWK DQ DFFXUDF\RIPV IRU WKH MLWWD RU  IRU WKH UHODWLYH SDUDPHWHUV )RU WKH VKLPPHU SDUDPHWHUV WKHEHVW
UHIHUHQFHWREHFRPSDUHGLVWKH3UDDWVRIWZDUHDQGWKHDOJRULWKPVKRZHGUHVXOWVZLWKDGLIIHUHQFHOHVVWKDQIRU
6KG%DQGOHVVWKDQIRUWKHUHPDLQLQJUHODWLYHSDUDPHWHUVDVSUHVHQWHGLQ>@
5.1. Algorithm Results With Human Speech 
7KHH[SHULHQFHVKRZHGDPRUHGLIILFXOWWDVNWRGHWHUPLQHWKHJORWWDOSHULRGVRYHUKXPDQYRLFHV3DUWLFXODUO\IRU
SDWKRORJLF YRLFHV WKH JORWWDO SHULRG¶V GHWHUPLQDWLRQ FDQ EH YHU\ KDUG 7KH WUXH YDOXHV RI MLWWHU DQG VKLPPHU DUH
XQNQRZQWKHUHIRUHLWLVLPSRVVLEOHWRPHDVXUHWKHDFFXUDF\RIWKHDOJRULWKPIRUWKHSDWKRORJLFYRLFHV7KLVVHFWLRQ
FRPSDUHVWKHPHDVXUHVRIWKHDOJRULWKPZLWKWKHRQHVGHWHUPLQHGE\WKH3UDDWVRIWZDUH3UDDWLVRSHQVRXUFHVRIWZDUH
ZHOODFFHSWHGE\VFLHQWLILFFRPPXQLW\DOWKRXJKWKHLUDOJRULWKPIRUWKHMLWWHUDQGVKLPPHUGHWHUPLQDWLRQLVQRWSXEOLF
7DEOHSUHVHQWV WKH FRPSDULVRQRI -LWWHU DQG6KLPPHUGHWHUPLQHGZLWK WKH3UDDW VRIWZDUH DQG WKHGHYHORSHG
$OJRULWKPIRURQHFRQWUROIHPDOHDQGPDOHYRLFHVDQGRQHSDWKRORJLFIHPDOHDQGPDOHYRLFHV7KLVFRPSDULVRQLV
LPSRUWDQWWRVKRZVRPHFRQVLVWHQF\EHWZHHQWKHWZRDOJRULWKPVEXWGRQRWDOORZWRUDQNWKHP7KHSDWKRORJLFYRLFHV
XVHGDVH[DPSOHLVWKH5HLQNH¶V(GHPD,WFDQEHVHHQWKDWQRVLJQLILFDQWGLIIHUHQFHVH[LVWEHWZHHQWKHWZRDOJRULWKPV
)RUWKH-LWWDLQPVLWVKRXOGEHPHQWLRQHGWKDWRQHVDPSOHFRUUHVSRQGVWRPVDWWKHVDPSOLQJIUHTXHQF\RIN+]
7KHUHIRUHGLIIHUHQFHVOHVVWKDQPVKDYHQRVLJQLILFDQFH
7DEOHSUHVHQWVRQO\WKHDEVROXWHDQGUHODWLYH-LWWHUSDUDPHWHUVDQGORFDOVKLPPHUWKHRWKHUSDUDPHWHUVDUHVLPLODU
YDULDQFHVIRUDQDYHUDJHRYHUVXEMHFWVLQHDFKFDVHIRUFRQWURODQGSDWKRORJLFIHPDOHDQGPDOHYRLFHV
7DEOH-LWWHUDQGVKLPPHUYDOXHVRIYRZDODWRQH/RZIRUFRQWURODQGSDWKRORJLFYRLFHV
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
7DEOH-LWWHUDQGVKLPPHUDYHUDJHYDOXHVIRUYRZHOD/RZWRQH


,WFDQEHREVHUYHGWKDWJHQHUDOO\VDPHOHYHORIYDOXHVDUHGHWHUPLQHGE\ERWKDOWHUQDWLYHVXQOHVVIRUWKH-LWWDDQG
IRU6KLPRIIHPDOHSDWKRORJLFYRLFHVZKHUHWKHDOJRULWKPJLYHVUHODWLYHO\KLJKHUYDOXHVHYLGHQFLQJPRUHFOHDUO\WKH
SDWKRORJLFVLWXDWLRQ*HQHUDOO\WKHDOJRULWKPWHQGVWRJLYHDVOLJKWO\KLJKHUYDOXHVIRU-LWWDSDUDPHWHUV
&RQFOXVLRQ
7KHSDSHUSUHVHQWVDQDOJRULWKPWRDFFXUDWHO\GHWHUPLQH-LWWHUDQGVKLPPHUSDUDPHWHUVDVDSDUWRIDYRLFHFOLQLFDO
GLDJQRVLVWRRO6HYHUDOUHILQHPHQWVZHUHLQWURGXFHGLQWKHDOJRULWKPWRGHDOZLWKWKHGLIILFXOWLHVRIKXPDQYRLFHVDQG
SDUWLFXODUO\ZLWKSDWKRORJLFDOYRLFHV7KHDOJRULWKPDUHQRZDEOHWRGHDOZLWKVHYHUDOSDUWLFXODULWLHVRIVRPHKXPDQ
YRLFHVDGRSWLQJGLIIHUHQWVWUDWHJLHVIRUGLIIHUHQWVLWXDWLRQV$VIDUDVWKHDXWKRUVKDGH[SHULPHQWHGWKHDOJRULWKPLV
QRZDEOHWRGHDOZLWKDOOH[SHULPHQWHGYRLFHVXQOHVVWKHYRLFHVDUHVWURQJO\GHWHULRUDWHGEXWDXGLEOHSHUFHLYHGLQWKLV
FDVHV6HYHUDOPHDVXUHPHQWVZHUHSHUIRUPHGDQGFRPSDUHGZLWKRWKHUVLPLODUWRROVZLWKFRQVLVWHQWUHVXOWV7KHUHIRUH
LWFDQEHFRQFOXGHGWKDWWKHDOJRULWKPLVQRZDEOHWREHXVHGIRUWKHGLDJQRVLVWRRO
5HIHUHQFHV
7HL[HLUD-3)HUUHLUD'&DUQHLUR6$QiOLVHDF~VWLFDYRFDOGHWHUPLQDomRGR-LWWHUH6KLPPHUSDUDGLDJQyVWLFRGHSDWDORJLDVGDIDOD,Q
&RQJUHVVR/XVR0RoDPELFDQRGH(QJHQKDULD
/RSHV-$PELHQWHGDDQiOLVHUREXVWDGRVSULQFLSDLVSDUkPHWURVGDYR]0VF8QLYHUVLW\RI3RUWR
)RUHQR/.RKOHU09HOODVFR0DQG&DWDOGR($QDO\VLVDQG&ODVVLILFDWRLQRI9RLFH3DWKRORJLHV8VLQJ*ORWWDO6LJQDO3DUDPHWHUV-RXUQDO
RI9RLFHSS
%URFNPDQQ0'ULQQDQ0-6WRUFN&&DUGLQJ315HOLDEOH-LWWHUDQG6KLPPHU0HDVXUHPHQWVLQ9RLFH&OLQLFV7KH5HOHYDQFHRI9RZHO
*HQGHU9RFDO,QWHQVLW\DQG)XQGDPHQWDO)UHTXHQF\(IIHFWVLQD7\SLFDO&OLQLFDO7DVN,Q-RXUQDORI9RLFH9ROXPH,VVXH3DJHV
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